All satellite telemetry and associated metadata are archived and available through the Research Workspace DataONE member node at <https://dx.doi.org/10.24431/rw1k118>.

Introduction {#sec001}
============

Bearded seals (*Erignathus barbatus*) are a key ecological component of Arctic and sub-Arctic marine ecosystems, yet few details of their ecology have been documented in the scientific literature. Subsistence hunters residing in indigenous coastal communities have, for millennia, harvested this large seal for nutritional and cultural needs. While the traditional knowledge about bearded seals accumulated through generations of reliance on this resource is quite detailed for times and areas where seals are harvested, it is incomplete for other times of year and areas far offshore. Compared to most other pinnipeds, bearded seals are particularly difficult to approach, capture and handle for scientific purposes, especially in locations where they are regularly hunted. Recent collaborative efforts between researchers and Alaska Natives, however, have led to the development of effective capture and handling techniques for young bearded seals. As a result, the opportunities for ecological study, and the employment of advanced monitoring technologies such as satellite telemetry, have been greatly improved \[[@pone.0192743.ref001]--[@pone.0192743.ref003]\]. Bearded seals inhabit shallow, seasonally ice-covered waters. These seals generally occupy ice habitat that is broken and drifting, with natural areas of open water such as leads, fractures, and polynyas, which the seals use for breathing and for access to water for foraging \[[@pone.0192743.ref004]--[@pone.0192743.ref007]\]. Sea-ice is important to bearded seals throughout the year as a platform for resting and perhaps thermoregulation \[[@pone.0192743.ref008]\]. It likely also provides some protection from marine predators \[[@pone.0192743.ref009]\], and allows molting seals a dry location to raise their skin temperature and facilitate epidermal growth \[[@pone.0192743.ref010]\]. Bearded seals usually avoid areas of shorefast ice that is thick and continuous and they are also rarely seen in the vicinity of drifting ice that is heavy and unbroken or in large areas of multi-year ice \[[@pone.0192743.ref005], [@pone.0192743.ref006], [@pone.0192743.ref011]--[@pone.0192743.ref015]\]. Although they are known to include schooling pelagic fishes in their diet when advantageous \[[@pone.0192743.ref016], [@pone.0192743.ref017]\], bearded seals feed primarily on benthic organisms that are more numerous in shallow water where light can reach the seafloor \[[@pone.0192743.ref012], [@pone.0192743.ref018]\]. As such, their effective range is typically restricted to areas where seasonal sea-ice occurs over relatively shallow waters \[[@pone.0192743.ref004]--[@pone.0192743.ref007], [@pone.0192743.ref011], [@pone.0192743.ref019]--[@pone.0192743.ref021]\].

The shallow shelf of the Bering and Chukchi seas provide the largest continuous area of favorable foraging habitat for bearded seals \[[@pone.0192743.ref005], [@pone.0192743.ref011], [@pone.0192743.ref022]\]. These continental shelves are typically covered by sea-ice in late winter and spring and are mostly ice free in late summer and fall, a pattern that is believed to drive seasonal movements and distribution of bearded seals in this area \[[@pone.0192743.ref007], [@pone.0192743.ref011], [@pone.0192743.ref022]\]. During winter, the favorable conditions of shallow waters combined with broken, drifting and fractured pack ice occur more often in the Bering Sea than the Chukchi Sea \[[@pone.0192743.ref011]\]. These conditions may be the reason that the central and northern parts of the Bering Sea shelf have the highest densities of bearded seals in winter \[[@pone.0192743.ref004], [@pone.0192743.ref005], [@pone.0192743.ref011], [@pone.0192743.ref023]--[@pone.0192743.ref025]\]. As the ice retreats in the spring, most adults in the Bering Sea are thought to move north through the Bering Strait. There they spend the summer and early fall at the southern edge of the Chukchi and Beaufort Sea pack ice and at the wide, fragmented margin of multi-year ice \[[@pone.0192743.ref004], [@pone.0192743.ref005], [@pone.0192743.ref007], [@pone.0192743.ref011], [@pone.0192743.ref023], [@pone.0192743.ref025]\]. A smaller number of bearded seals, mostly juveniles, remain near the coasts of the Bering and Chukchi seas during summer and early fall instead of moving with the ice edge and are often found in bays, estuaries and river mouths \[[@pone.0192743.ref004], [@pone.0192743.ref011], [@pone.0192743.ref022]\]. As the ice forms again in the fall and winter, most bearded seals are thought to move south again with the advancing ice through Bering Strait returning to the Bering Sea where they spend the winter \[[@pone.0192743.ref007]\].

For pinnipeds, the first year of life is typically the most critical to long-term survival. This is especially true for Arctic phocids like the bearded seal that are abruptly weaned at only a few weeks of age and must learn to locate and capture prey on their own before blubber stores accumulated during nursing are depleted \[[@pone.0192743.ref001]--[@pone.0192743.ref003]\]. About 40% of bearded seal pups survive to age 1, and only 28% live to age 3 \[[@pone.0192743.ref007]\]. Proficiency at feeding, and therefore habitat selection and seasonal movements, are important to their survival, and a better understanding of these factors is critical for developing sound conservation and management plans.

This study was motivated by the importance of bearded seals to the Arctic marine ecosystem, including its human inhabitants; potential impacts of oil and gas development and other human activities on bearded seal habitat; concerns about bearded seals' habitat in a disrupted, warming climate; and the need for better information to support decisions about this protected species. These are some of the same concerns that led to a review of the bearded seals' conservation status \[[@pone.0192743.ref026]\] and listing of the species as "threatened" in U.S. waters, under the Endangered Species Act (ESA) \[[@pone.0192743.ref027]\]. In this paper, our goals are to describe the seasonal movements of young bearded seals in Alaska as determined from satellite-linked dive recorders ([Fig 1](#pone.0192743.g001){ref-type="fig"}) and to identify important components of their habitat selection.

![Young-of-year bearded seal released into Kotzebue Sound, AK, with a SPLASH satellite-linked dive recorder (SDR) attached to its back.](pone.0192743.g001){#pone.0192743.g001}

Materials and methods {#sec002}
=====================

We used satellite telemetry to record locations of young bearded seals in the Bering Sea. We analyzed the seals' locations with a movement model, used the results to simulate animal locations from a 'null' movement model, and then used logistic regression as a resource selection function (RSF) \[[@pone.0192743.ref028]\] to compare habitat variables for observed animal locations to those for simulated locations. All statistical analyses were performed using R \[[@pone.0192743.ref029]\]. Below we provide specific details on each step of our analysis.

Data collection and study region {#sec003}
--------------------------------

Kotzebue Sound ([Fig 2A](#pone.0192743.g002){ref-type="fig"}), an embayment of the southeastern Chukchi Sea, was selected as the tagging location for this study. The Native Village of Kotzebue is one of many communities along the coast of Alaska where bearded seals remain important for subsistence purposes. The hunters there are aware that young-of-the-year bearded seals occupy areas near that coast well into the fall \[[@pone.0192743.ref030]\], and the community has a history of supporting and participating in research on species important to the region.

![Maps a) of the Chukchi and Bering Sea Shelf region; and of the reported locations of bearded seals tagged in Kotzebue Sound in autumn: b) 2004-females, c) 2005-females d) 2005-males, e) 2006-females, f) 2006-males. The gray polygon indicates water depths \< 1000 m.](pone.0192743.g002){#pone.0192743.g002}

During September-October of 2004--2006, researchers and Alaska Native hunters captured, instrumented and released 26 (13 female and 13 male) young bearded seals with satellite-linked dive recorders (SDRs) in Kotzebue Sound, Alaska ([Table 1](#pone.0192743.t001){ref-type="table"}). There is considerable uncertainty associated with the field classification of age in young bearded seals. Yet, based on their standard lengths \[[@pone.0192743.ref031]\] and the frequent presence of a characteristic "T" shaped hair coloration on their forehead, all captured seals were thought to be less than 2 years old, with most being young-of-the-year animals (i.e., approximately 6 months old). Seals were captured using specially designed large-mesh (12 inch stretched) nylon twine nets. A net was composed of 1 to 3 panels, each 90 ft. long and 12 ft. or 24 ft. deep. The float line was made of a ¾ inch dia. foam core wrapped in nylon and the leaded line at the bottom of the net was ¼ inch diameter; this lightweight lead line ensured that entangled seals could reach the surface to breathe. The nets were set perpendicular to the coastline in shallow, ice-free waters where young bearded seals were known to travel and feed prior to freeze-up.

10.1371/journal.pone.0192743.t001

###### Information on the 26 seals (and their SDRs) in this study.

![](pone.0192743.t001){#pone.0192743.t001g}

  SDR-ID   SDR-type   Sex   Standard length (cm)   Axillary / maximum girth (cm)   Date captured   Date entered Bering Sea[\*](#t001fn001){ref-type="table-fn"}   Date of last SDR location   Duration (days) of SDR record   Days with SDR location   Location days in Bering Sea[\*](#t001fn001){ref-type="table-fn"}   Used in habitat analysis
  -------- ---------- ----- ---------------------- ------------------------------- --------------- -------------------------------------------------------------- --------------------------- ------------------------------- ------------------------ ------------------------------------------------------------------ --------------------------
  53604    SPLASH     F                                                            5-Oct-04        n/a                                                            1-Feb-05                    120                             90                       0                                                                  
  53605    SPLASH     F                                                            11-Oct-04       n/a                                                            2-Dec-04                    53                              49                       0                                                                  
  53606    SPLASH     M     148                    113 / 123                       24-Sep-05       10-Nov-05                                                      1-Apr-06                    190                             157                      141                                                                X
  53607    SPLASH     F     141                    97 / 110                        24-Sep-05       16-Nov-05                                                      8-Feb-06                    138                             105                      84                                                                 X
  53609    SPLASH     M     140                    123 / 122                       26-Sep-05       n/a                                                            5-Jun-06                    253                             149                      0                                                                  
  53608    SPLASH     M     142                                                    30-Sep-05       9-Nov-05                                                       26-Nov-05                   58                              55                       18                                                                 X
  53610    SPLASH     M     166                                                    1-Oct-05        21-Dec-05                                                      30-Apr-06                   212                             176                      109                                                                X
  53611    SPLASH     M     141                                                    2-Oct-05        2-Dec-05                                                       15-Jan-06                   106                             84                       33                                                                 X
  59971    SPLASH     F     143                    115 /                           2-Oct-05        2-Dec-05                                                       27-Dec-05                   87                              81                       24                                                                 X
  59970    SPLASH     M     129                                                    3-Oct-05        n/a                                                            20-Apr-06                   200                             170                      0                                                                  
  59972    SPLASH     F     149                    110 / 115                       4-Oct-05        9-Nov-05                                                       30-Mar-06                   178                             176                      141                                                                X
  59968    SPLASH     F     135                                                    7-Oct-05        27-Oct-05                                                      4-May-06                    210                             168                      148                                                                X
  59969    SPLASH     M     145                    121 / 125                       7-Oct-05        22-Oct-05                                                      19-Nov-05                   44                              39                       25                                                                 X
  59973    SPLASH     F     134                                                    7-Oct-05        n/a                                                            7-Jan-06                    93                              77                       0                                                                  
  59974    SPLASH     F     140                    96 / 106                        7-Oct-05        7-Nov-05                                                       22-Feb-06                   139                             95                       67                                                                 X
  59976    SPLASH     M     157                    129 / 131                       7-Oct-05        20-Oct-05                                                      2-Feb-06                    119                             82                       66                                                                 X
  59967    SPLASH     F     126                                                    11-Oct-05       n/a                                                            15-Oct-05                   5                               5                        0                                                                  
  58069    SPLASH     F     150                    113 / 124                       3-Oct-06        21-Nov-06                                                      26-May-07                   236                             216                      172                                                                X
  70413    CTD        M     138                    102 / 118                       6-Oct-06        n/a                                                            9-Oct-06                    4                               2                        0                                                                  
  58059    SPLASH     M     134                    102 / 114                       7-Oct-06        11-Nov-06                                                      4-May-07                    210                             190                      162                                                                X
  70414    CTD        M     136                    108 / 114                       7-Oct-06        n/a                                                            12-Oct-06                   5                               5                        0                                                                  
  70415    CTD        F     139                    108 / 120                       7-Oct-06        n/a                                                            26-Oct-06                   19                              14                       0                                                                  
  70416    CTD        F     144                    118 / 138                       7-Oct-06        8-Nov-06                                                       18-Dec-06                   73                              57                       28                                                                 X
  70417    CTD        M     151                    120 / 133                       7-Oct-06        7-Dec-06                                                       31-Dec-06                   86                              62                       22                                                                 X
  58060    SPLASH     F     137                    116 / 128                       20-Oct-06       12-Nov-06                                                      18-Jan-07                   91                              88                       68                                                                 X
  65914    SPLASH     M     148                    100 / 109                       22-Oct-06       6-Nov-06                                                       22-Dec-06                   62                              60                       46                                                                 X

\* We defined the northern boundary of the Bering Sea as latitude N 65° 45'. Some seals crossed this boundary more than once. As such, the date of entering the Bering Sea was defined as the last date a seal crossed south of N 65° 45' before its SDR ceased transmitting (e.g., the battery failed or the seal molted).

Entangled seals were removed from the net and placed in hoop nets on the deck of a boat or on the beach until they were processed. Captured seals were measured, and samples of their blood (\< 40 ml), skin and blubber (approximately 500 mg total), were collected to establish baseline parameters for health and condition and for DNA studies. Seals were instrumented with one of two SDRs: a SPLASH tag (manufactured by Wildlife Computers, Redmond, WA, USA) or a CTD tag (manufactured by SMRU, St. Andrews, Fife, Scotland). The SDRs were attached to the hair on the seals' backs using Devcon quick-setting epoxy ([Fig 1](#pone.0192743.g001){ref-type="fig"}) and were expected to fall off during the seals' annual molt the following spring, after providing information for up to 8 months. The SDRs collected information on the timing and depth of seals' dives and their haul-out timing. Locations of the tagged seals were determined by the Argos Data Collection and Location System (<http://www.argos-system.org/> operated by CLS \[[@pone.0192743.ref032]\]), which also relayed dive and behavior data that were recorded by the tags. These data were processed through Wildlife Computers' DAP software or by SMRU and all data were uploaded to an Oracle database for additional processing and long-term archival.

Locations provided by the Argos System are calculated using Doppler shift measurements from multiple SDR transmissions received during a single satellite overpass. The accuracy of the location is classified with a Location Quality (LQ) of 3, 2, 1, 0, A, B or Z, with 3 expected to have the smallest error, B the greatest, and Z considered an "invalid location" due to insufficient uplinks \[[@pone.0192743.ref033]\]. Although more sophisticated methods have since been developed for identifying unlikely ARGOS locations based on movement rates and turning angles \[[@pone.0192743.ref034], [@pone.0192743.ref035]\], we simply filtered out the worst quality locations (i.e., LQ = B and Z), and removed those few remaining locations that placed the seal on land (as defined by the AMSR-E grid of the Bering Sea used to define our study area). We plotted ([Fig 2](#pone.0192743.g002){ref-type="fig"}) all remaining locations using a Geographic Information System (ArcGIS Desktop, produced by ESRI, Redlands, CA, USA) to visually identify and compare gross movement patterns among seals.

After being released, most seals remained in the ice-free waters of the Chukchi Sea for only 1 to 2 months before heading south through the Bering Strait with the advancing sea-ice. For completeness and context we describe these Chukchi Sea movements in the results presented below. Data from the Chukchi Sea were insufficient for RSF analysis however (few data points over very narrow temporal window), so we restricted our RSF selection analysis to include only those 17 seals (8 female and 9 male) that entered the Bering Sea (defined as south of 65°45'N) and remained there until their SDRs ceased transmitting (i.e., the battery failed or the seal tag was shed ([Table 1](#pone.0192743.t001){ref-type="table"})).

Analysis and simulation of bearded seal movements {#sec004}
-------------------------------------------------

We used logistic regression to fit a RSF in a matched case-control approach \[[@pone.0192743.ref036]\]. For our study, the observed seal locations were the "case," and we obtained a matched sample from available habitat as the "control". Spatio-temporal autocorrelation tends to bias downward the variances of estimated RSF parameters however, which in turn biases the analysis to infer too many spurious relationships \[[@pone.0192743.ref037], [@pone.0192743.ref038]\]. Hence, we modified the use of logistic regression as an RSF \[[@pone.0192743.ref028]\] by adding a Monte Carlo randomization to obtain correct variances \[[@pone.0192743.ref039]\]. In this section, we describe the Monte Carlo randomization, which first required an analysis of movements (step lengths and turning angles) of tagged seals using a generalized linear model.

Models of, and methods to analyze, animal movement are advancing rapidly \[[@pone.0192743.ref040]--[@pone.0192743.ref046]\]. Some of these new approaches attempt (with varied levels of success) to incorporate habitat into fitted movement models (e.g. \[[@pone.0192743.ref043], [@pone.0192743.ref047], [@pone.0192743.ref048]\]) or to relate movement to habitat \[[@pone.0192743.ref049]\]. However, our goal was to simulate movement in the absence of environmental covariates that might otherwise influence movement so that this simulated movement could be compared to real tracks as matched case-controls for a RSF. Many of the models listed above are elegant and allow predictions in space at unsampled times. However, they are computationally demanding and are very difficult to use when analyzing many animals simultaneously. Our analytical approach is statistically sound and pragmatic for our data set.

Animal tracks can be represented as sequential movement vectors, each characterized by elapsed time, bearing, and length from which secondary components can be calculated (e.g., dividing length by elapsed-time yields average speed). Before simulating movements, we fit several generalized linear models (GLMs) to estimate transition probability tables for directional bearings and distances moved from real observations (see [S1 File](#pone.0192743.s001){ref-type="supplementary-material"} for details). A correlated random walk (CRW) model was developed using data from seals (case) that were moving south to follow advancing sea ice during freeze-up. As such, there was also a southerly tendency in movement in the simulated locations (control). This tendency mimicked southerly movement of real seals such that controls remained a good proxy for available habitat as the winter season progressed. The southerly tendency in the CRW model from which simulations were produced, along with the constriction of the Bering Strait, effectively kept case-control locations in the Bering Sea.

The estimated movement parameters were used to simulate movements, creating locations from a null model (control) that matched the time increments from location to location and the sample size for each tagged seal, but with no habitat selection. Thus each real location for each tracked seal had an exactly temporally matched case-control. This temporal matching is somewhat less straightforward than one would intuitively expect because Argos error adds measurement error to the distribution of swimming speeds and turning angles that we needed for simulation. This contamination is increasingly serious as the simulation interval decreases, which we effectively addressed via a series of transformations to control skewed variance in the step length distribution attributable to this contamination (see [S1 File](#pone.0192743.s001){ref-type="supplementary-material"} for details).

We simulated 20 independent case-control tracks for each of the 17 seals (see [Fig 3](#pone.0192743.g003){ref-type="fig"}; e.g., simulated tracks) which served as case-controls for 20 independent RSFs that form the nucleus of our Monte Carlo modification to the RSF. Although it would have been desirable to have more than 20 simulated tracks for the Monte Carlo estimates and tests \[[@pone.0192743.ref039]\], the computational time for each track was non-trivial. We used 20 tracks as the minimal number, based on the original suggestion by Barnard \[[@pone.0192743.ref050]\] and later Manly \[[@pone.0192743.ref039]\].

![The movement track of seal 53607 in black, overlaid on the 20 simulated tracks paired for that individual (each simulation is a different color).](pone.0192743.g003){#pone.0192743.g003}

Habitat covariates {#sec005}
------------------

We assigned habitat covariates to observed seal locations (case) and control locations from remotely sensed data. For each observed and simulated track, we obtained the covariates described in [Table 2](#pone.0192743.t002){ref-type="table"} at each location. We used the ETOPO2v2 Global Gridded database \[[@pone.0192743.ref051]\] to compute the variables related to seafloor depth. Depth was taken directly from the raster cell of an observed or simulated location. For d21kiso, we created an isobath of the 1000 m depths using the contour() function R \[[@pone.0192743.ref052]\] and then computed the shortest distance from each location to that isobath. We used the daily sea-ice raster images from the Advanced Microwave Scanning Radiometer---Earth Observing System (AMSR-E) \[[@pone.0192743.ref053]\] database to compute the variables related to sea ice. The variable ice_conc was taken directly from the raster cell of an observed or simulated location. We also included the quadratic form (i.e., ice_conc^2^) to allow for non-linear relationships. Similar to the 1000 m depth contour, we created a contour line of the 10% ice concentration to denote an ice edge. Although 10% concentration is a somewhat arbitrary threshold, it is appropriate to use a concentration \> 0% to account for seasonal variability in measurement error at low ice concentrations \[[@pone.0192743.ref054]\]. Any contour of length less than 50 km was eliminated, and we computed the shortest distance from each location to the nearest of the remaining contours for the variable d2ice. Finally, we transformed the variables d2coast, d2ice, d21kiso and depth_m with their square roots to linearize their relationships to the response variable.

10.1371/journal.pone.0192743.t002

###### The variables used in the model and their descriptions.

![](pone.0192743.t002){#pone.0192743.t002g}

  Variable   Description
  ---------- ------------------------------------------------------------------------------------------------------------------------------------------
  d2coast    Distance (km) from the location to the nearest coastline
  depth_m    Depth (m) of the seafloor at the location based on the ETOPO2v2 Global Gridded database
  d21kiso    Distance (km) from the location to the 1000 m depth isobar, estimated from the ETOPO2v2 Global Gridded database
  d2ice      Distance (km) from the location to ice edge (defined as the daily AMSR-E 10% ice concentration contour)
  ice_conc   The daily AMSR-E percent ice concentration at the location
  sea_ice    A binary variable (yes or no) indicating whether the location is in a field of sea-ice (based on the daily AMSR-E data) or in open water

Resource selection via logistic regression {#sec006}
------------------------------------------

The locations of animal movements are correlated in both space and time. We estimated habitat selection parameters from the observed and simulated tracks using logistic regression in the form of a RSF, but we estimated standard errors via a Monte Carlo method. The logistic regression models were fit with maximum likelihood using the glm() function in R \[[@pone.0192743.ref029]\]. Note that we did not use a mixed model with a random effect for each seal. The simple logistic regression model weights each observation equally, allowing seals with more observations to have proportionally more weight. A mixed model would weight each animal more equally. While each approach has merits, we decided on the simple logistic regression. The glm() procedure that we used generally assumes independent observations, but our observations were not independent so the estimated standard errors would be incorrect due to autocorrelation. We obtained correct standard errors by Monte Carlo randomization, where we averaged the regression coefficients and used the standard deviations of the regression coefficients over the 20 Monte Carlo randomizations as our standard error terms. For the null hypothesis (i.e., regression coefficients are zero), we obtained the standard errors and *P*-values by assuming the mean regression coefficients were distributed normally with the standard deviation obtained from the 20 Monte Carlo fits of the logistic regression.

As traditional model selection techniques, such as AIC, are not available owing to the Monte Carlo modification of our RSF, we used a stepwise model selection procedure based on *P*-values to obtain a parsimonious model with all terms significant at *α* = 0.05. The initial model had all eight single effect covariates, an interaction between sea_ice and sqrt(d2ice), plus the interaction of sex with all other covariates and the sea_ice/sqrt(d2ice) interaction. We then removed interaction terms that were least significant one at a time. After removing insignificant interaction terms, we removed single effects that were least significant one at a time (unless they were part of a significant interaction term; see [Table 3](#pone.0192743.t003){ref-type="table"}). The final model was interpreted as a resource selection function (e.g., \[[@pone.0192743.ref028]\], p. 103), where the regression coefficients indicated selection in the direction of the coefficient.

10.1371/journal.pone.0192743.t003

###### These model factors and interactions were sequentially eliminated from the initial model at the given *P*-value.

![](pone.0192743.t003){#pone.0192743.t003g}

  Model factor                *P*-value
  --------------------------- -----------
  sex\*ice_conc               0.3989
  sex\*sea_ice                0.3988
  sex\*sqrt(d2coast)          0.3964
  sex\*sqrt(d21kiso)          0.3911
  sex\*ice_conc^2^            0.3818
  sqrt(d2coast)               0.3749
  sex\*depth_m                0.2960
  sex\*sea_ice\*sqrt(d2ice)   0.3092
  sex\*sqrt(d2ice)            0.2252
  depth_m                     0.1354
  sqrt(d21kiso)               0.1920
  sex                         0.0863

Results and discussion {#sec007}
======================

Movements {#sec008}
---------

Individual SDRs transmitted data for 4 to 253 days with a mean of 115 days ([Table 1](#pone.0192743.t001){ref-type="table"}). Of the two female bearded seals tagged in 2004, one remained close to the coast of inner Kotzebue Sound and the other moved into the deeper waters of the Chukchi Sea ([Fig 2B](#pone.0192743.g002){ref-type="fig"}). Despite these different habitats, they both exhibited similar patterns in the use of their surroundings. Each seal tended to remain in a small area, presumably foraging, for a brief period (i.e., 3 to 18 days) before moving to a new location, often more than 150 km away. Neither of these seals entered the Bering Sea before their SDRs failed, and so they were not used in our habitat analysis.

In 2005, one female and four males (half of all males) headed north along the coast ([Fig 2C and 2D](#pone.0192743.g002){ref-type="fig"}). Each focused their movements for multiple days/weeks near Point Hope, an area known to be of high ocean productivity \[[@pone.0192743.ref055]\]. Two of these males continued farther north to Wainwright before turning around and heading south to the Bering Strait. Two females moved southeast into the shallow waters of inner Kotzebue Sound after being released ([Fig 2C](#pone.0192743.g002){ref-type="fig"}) and remained in shallow coastal waters until at least December when their SDRs failed. Most individuals traveled into the southern Chukchi Sea, and moved with the advancing ice into the Bering Sea. Four individuals (two males and two females) moved south of St. Lawrence Island ([Fig 2C and 2D](#pone.0192743.g002){ref-type="fig"}). The remaining two females moved west into Russian waters off the coast of the Gulf of Anadyr, towards the deeper waters of the northwest Bering Sea.

In contrast to 2005, young bearded seals tagged in 2006 did not focus their movements on any one location until they were south of Bering Strait ([Fig 2E and 2F](#pone.0192743.g002){ref-type="fig"}). All four females remained relatively close to the coast even after entering the Bering Sea, including one female that traveled as far north as Point Lay before returning southward. Although the males ranged widely, they tended to focus on the northern Bering Strait before entering the Bering Sea. Once in the Bering Sea, two males followed the advancing sea-ice south of St. Matthew Island, while the third remained in the heavier ice just north of St. Lawrence Island.

Habitat selection analyses {#sec009}
--------------------------

The stepwise removal of effects, and the *P*-values for the removal, are presented in [Table 3](#pone.0192743.t003){ref-type="table"}. The sex of a seal, and every interaction term that included sex, were not significant. This is an interesting result considering the observed differences in movement patterns and bearings between the sexes. Our analysis examines habitat however, not location or movement. Though it could be related to our small sample size, the lack of a significant sex-related effect in the final model suggests that males and females in this very young age class respond to habitat variables similarly, even if they move differently or are in different locations.

Depth is likely a critical habitat feature for bearded seals, which are predominantly benthic feeders. Unfortunately, none of our observed or simulated tracks extended off of the Bering Sea shelf for more than a few days, so we were unable to test for the effects of deeper water. That the variable 'depth_m' was not a significant term in our analysis supports the assumption that bearded seals are capable of exploiting the entire Bering Sea shelf \[[@pone.0192743.ref022]\].

By modeling the log of the ratios of observed versus simulated locations, we effectively calculated the log odds of a tagged seal occupying a particular habitat versus a simulated seal, which had no influence of habitat characteristics on its movements. For graphical purposes we exponentiated model outputs to obtain the "odds of selection" \[[@pone.0192743.ref056]\]. An odds of selection \> 1 indicates chosen habitat and an odds of selection \< 1 indicates rejected habitat. The final model ([Table 4](#pone.0192743.t004){ref-type="table"}) suggested that a key habitat selection factor was distance to an ice edge (i.e., sqrt(d2ice)); seals chose to be close to an ice edge. The strength of the relationship, however, depended on whether the seal was in open water (i.e., sea_ice = no) or within an ice field (i.e., sea_ice = yes). These young bearded seals did not select open water, but when in open water they chose locations closer to an ice edge ([Fig 4](#pone.0192743.g004){ref-type="fig"}). When in an ice field, however, their selection for ice edge habitat was much stronger, and the relationship fell off more rapidly with distance away from the edge ([Fig 5](#pone.0192743.g005){ref-type="fig"}).

![Graphical representation of model results for habitat locations in open water (i.e., sea_ice = no), as a function of distance from the ice.\
Values for odds of selection \> 1 indicate chosen habitat and values \< 1 indicate rejected habitat. The shading of the line represents the relative availability of the habitat to the tagged seal as sampled by the simulation. Young bearded seals did not select open water, but when in open water they chose locations closer to an ice edge (d2ice).](pone.0192743.g004){#pone.0192743.g004}

![Graphical representation of model results for habitat within the sea-ice field (i.e., sea_ice = yes).\
Values for odds of selection \> 1 indicate chosen habitat and values \< 1 indicate rejected habitat. Individual curves represent the interactive effects of various distances to the ice edge (i.e., d2ice) and sea-ice concentration. The shading of each curve represents the relative availability of the given habitat to the tagged seal as sampled by the simulation. Gray dashes indicate no tagged seals occupied that habitat. In general, young bearded seals chose to be close to the edge and in higher ice concentrations, but the combination of these conditions are quite rare. For all distances, habitat selection peaked at about 80% ice concentration.](pone.0192743.g005){#pone.0192743.g005}
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###### The terms and covariate estimates of the final habitat selection model.

The estimates of logistic regression coefficients are on the logit scale and all terms are significant at α = 0.05.

![](pone.0192743.t004){#pone.0192743.t004g}

  Factor                        Estimate    Std_Err    z_value   Prob z
  ----------------------------- ----------- ---------- --------- -----------
  Intercept                     0.455066    0.235548   1.9320    0.0617
  sea_ice = no                  -0.501833   0.322640   -1.5554   0.1190
  ice_conc                      0.058692    0.010952   5.3592    \< 0.0001
  ice_conc^2^                   -0.000370   0.000098   -3.7946   0.0003
  sqrt(d2ice)                   -0.206333   0.021916   -9.4149   \< 0.0001
  sqrt(d2ice)\*(sea_ice = no)   0.185093    0.036084   5.1296    \< 0.0001

The final model retained both the linear and quadratic forms of ice_conc ([Table 4](#pone.0192743.t004){ref-type="table"}), and indicated that habitat selection of young bearded seals peaked at about 80% ice concentration. This may appear contradictory to a selection for ice edge habitat where concentration tends to be low. Our model results, however, must be interpreted in a multiple regression context; a model coefficient is the effect of the covariate with all other covariates in the model held constant. Ice concentration had a positive effect indicating that, on average, for any distance, seals tended to select this higher range of ice concentrations ([Fig 5](#pone.0192743.g005){ref-type="fig"}). Although our model predicts that young bearded seals would strongly select locations that are both close to the ice edge and in concentrations around 80%, the combination of these conditions are quite rare and nonexistent for simulated seal movements.

Our sea-ice habitat selection results are consistent with habitat associations found during springtime aerial surveys of the Bering Sea \[[@pone.0192743.ref057]--[@pone.0192743.ref059]\]. A small survey of the waters near St. Lawrence Island in March 2001 observed more bearded seals hauled out in 70--90% ice coverage (compared with 0--70% and 90--100%) \[[@pone.0192743.ref058]\]. A larger survey of the central Bering Sea south of St. Lawrence Island from mid-April to mid-June 2007 similarly examined the relationship between bearded seals and four classes of sea ice concentration: 0--25%, 25--50%, 50--75%, and 75--100% \[[@pone.0192743.ref057]\]. Given that bearded seals were present, their numbers were greatest in the 75--100% class. A still broader survey of the entire U.S. portion of the Bering Sea from early-April to mid-May 2012 showed peak abundance of bearded seals in ice concentrations between about 50% and 75% \[[@pone.0192743.ref059]\]. Taken together, these studies corroborate our model results indicating that bearded seals choose moderate to high ice concentrations. It is noteworthy, however, that the literature \[[@pone.0192743.ref024], [@pone.0192743.ref060]\] and maps of abundance based on the 2012 survey show bearded seal densities highest towards the northern Bering Sea at the time of maximum sea-ice extent \[[@pone.0192743.ref059]\]. One possibility is that young bearded seals select habitat differently than adults. None of the analyses based on these aerial surveys accounted for the age of the seal. Yet, as is true for all long-lived species, the majority of the population is composed of older individuals. If there are age-related differences in habitat use those differences could be masked in analyses based on aerial surveys that combine all age classes. In other words, our results, combined with those from aerial surveys, suggest that in the Bering Sea from late fall to early spring, younger bearded seals may tend to select ice edge habitat, while older seals may tend to select areas of higher ice concentration farther from the edge. In the 2007 study, the sea-ice class with the second highest numbers of seals was 0--25% \[[@pone.0192743.ref057]\]. This range includes our definition of an ice edge (i.e., 10% concentration). If there are spatial differences in the springtime distributions of bearded seals based on age, then it seems likely that most young bearded seals would occupy this sea-ice class (i.e., at the southern edge of the sea-ice). If a bearded seal's age could be estimated (e.g., based on length) from the images used to survey seals in 2012 \[[@pone.0192743.ref059]\], a reanalysis of those images could be used to investigate differences in bearded seal distribution based on age.

Presumably older bearded seals select locations with higher ice concentrations farther from an ice edge for some fitness benefit. Perhaps the quality of the benthic foraging habitat \[[@pone.0192743.ref061]\], the prey assemblages or the protection from killer whales (*Orcinus orca*) \[[@pone.0192743.ref062]\] are greater in the northern Bering Sea than at the southern edge of the sea-ice. If so, the older animals may simply displace the younger ones from those more beneficial areas. Alternatively, the sea ice habitat itself may be limiting these younger seals from these areas. Although bearded seals tend to occupy sea-ice habitat with natural access to the water, observations indicate that bearded seals are able to make breathing holes in thinner ice \[[@pone.0192743.ref005], [@pone.0192743.ref011], [@pone.0192743.ref012], [@pone.0192743.ref022], [@pone.0192743.ref025]\]. Fay \[[@pone.0192743.ref023]\] reported that adult bearded seals can use their heads to break holes in ice that is up to 10 cm thick and can maintain those holes in still heavier ice. It is possible, therefore, that a younger bearded seal is incapable of maintaining sufficient breathing holes or water access holes in areas occupied by older seals and so select the ice margins, where the more broken nature of the ice provides reliable spaces for breathing, hauling out, and quick escape back into the water.

There are many cases of young animals behaving differently than their older conspecifics. Another ice-associated seal in Alaska, the ringed seal (*Pusa hispida*), occupied areas with high (near 100%) ice concentrations farther from an ice edge than what was selected by younger animals \[[@pone.0192743.ref063]\]. The authors hypothesized that adults chose areas with more stable sea-ice on which to build their subnivean lairs for pupping and that younger ringed seals, unconstrained by the need to maintain territories, moved to the Bering Sea ice edge where there are better pelagic feeding opportunities.

Bearded seals do not create subnivean lairs and we were not investigating the pupping season, but previous research has reported differences in the diet of bearded seals based on age \[[@pone.0192743.ref018], [@pone.0192743.ref064], [@pone.0192743.ref065]\]. Examinations of stomach contents \[[@pone.0192743.ref018]\] and tissue chemistries \[[@pone.0192743.ref064]\] suggest that younger animals are more likely to consume shrimp and less likely to consume clams than older bearded seals. Indeed, benthic surveys of the Bering Sea in mid- to late-summer 2010 suggest a generalized trend of higher densities of shrimp in the southern and eastern Bering Sea than in the north \[[@pone.0192743.ref066]\]. It seems likely therefore, that prey (type and biomass) would also be important habitat selection factors for bearded seals. Unfortunately, we did not include prey as a covariate in our model because current information on the distributions and abundances of various prey taxa are limited to ice-free periods and locations and so do not appropriately reflect our study area. Until, benthic surveys of the Bering Sea can be conducted in areas with sea ice perhaps sediment type could be used as a proxy for prey type in future models \[[@pone.0192743.ref067], [@pone.0192743.ref068]\].

Although bearded seals are a long-lived species, their population dynamics are likely to be driven by juvenile survival. It has been estimated that only 28% of bearded seals in Alaska survive to age 3 \[[@pone.0192743.ref007]\]. If persistent, even small reductions in their year-to-year survival could have significant impacts on their overall population abundance. The predicted loss of sea-ice habitat resulting from a warming climate was a primary factor leading to the species listing as "threatened" in U.S. waters, under the ESA \[[@pone.0192743.ref027]\]. It may therefore, appear fortunate that young bearded seals choose ice edge habitat (that will always be available as long as there is any sea-ice present). As the extent of sea-ice is reduced, however, the location of the ice edge will shift northwards and, given the geography of the Bering Sea, the total area of ice edge habitat will be greatly reduced until the ice edge recedes into the northern Chukchi Sea. These changes in the distribution of sea-ice could require bearded seals to adapt to novel, and possibly suboptimal, conditions and to exploit habitats to which they may not be well suited, potentially compromising their resiliency.

Conclusion {#sec010}
==========

As expected, shortly after being released in early autumn, most of the bearded seals in our study moved south with the advancing sea-ice through the Bering Strait and into the Bering Sea where they spent the winter and early spring. Our habitat-use model indicated that these young seals selected locations near ice edges. This is in contrast to observations from aerial surveys that showed bearded seals tended to occupy areas farther north and in heavier pack ice at this time. We hypothesize that this discrepancy is the result of age-related behavioral differences between the young animals in our study and the predominantly adult seals in the surveys. Ice concentration was also shown to be a statistically significant variable in our model. All else being equal, areas of higher ice densities are selected for, up to about 80% concentration. The effects of sex or bathymetry were not statistically significant. The close association of young bearded seals to the ice edge in the Bering Sea is important, given the likely effects of climate warming on the extent of sea-ice and subsequent changes in ice edge habitat.
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